Purpose To review the clinical and laboratory spectrum of RAG gene defects in humans, and discuss the mechanisms underlying phenotypic heterogeneity, the basis of immune dysregulation, and the current and perspective treatment modalities. Methods Literature review and analysis of medical records Results RAG gene defects in humans are associated with a surprisingly broad spectrum of clinical and immunological phenotypes. Correlation between in vitro recombination activity of the mutant RAG proteins and the clinical phenotype has been observed. Altered T and B cell development in this disease is associated with defects of immune tolerance. Hematopoietic cell transplantation is the treatment of choice for the most severe forms of the disease, but a high rate of graft failure has been observed. Conclusions Phenotypic heterogeneity of RAG gene defects in humans may represent a diagnostic challenge. There is a need to improve treatment for severe, early-onset forms of the disease. Optimal treatment modalities for patients with delayed-onset disease presenting with autoimmunity and/or inflammation remain to be defined.
Introduction
The recombination-activating genes (RAG1 and 2) encode for lymphoid-specific proteins that play a crucial role in the early stages of T and B cell development. RAG proteins initiate recombination of the variable (V), diversity (D), and joining (J) genes at the T cell receptor (TCR) and immunoglobulin loci (V(D)J recombination process), allowing for the generation of T and B cells with a broad antigen recognition specificity [1, 2] . In particular, in developing T and B cells, RAG1 and 2 proteins form a tetrameric complex that recognizes the recombination signal sequences (RSSs) that flank coding V, D, and J genes [3] . The RAG complex introduces DNA doublestrand breaks (DSBs) at the junction between the RSS and a coding element [4] . Joining of targeted coding genes (D-J, V-DJ, and V-J joining) is then accomplished by proteins of the nonhomologous end-joining (NHEJ) DNA repair machinery.
In mice, targeted biallelic disruption of either one of the Rag genes results in the arrest of T and B cell development due to the inability to initiate V(D)J rearrangements. In particular, T cell maturation is arrested at the CD4 − CD8 − (doublenegative [DN] ) stage prior to expression of pre-TCR and TCR complex [5, 6] . B cell development in the marrow is also blocked at the pro-B cell stage, when DNA rearrangement is initiated at the immunoglobulin heavy chain locus. Consistent with these defects of T and B cell development, animals with null Rag mutations have exceptionally small to absent thymuses and hypocellular spleens [5] . Biallelic RAG1 and RAG2 mutations in humans have been associated with a wide range of clinical and immunological phenotypes [7] . While null mutations result in severe combined immunodeficiency with the absence of T and B lymphocytes (T − B − NK + SCID) [8 ] , hypomorphic mutations allowing for residual protein function are associated with Omenn syndrome (OS) [9] [10] [11] , atypical SCID (AS) [8, 12] , delayed onset combined immunodeficiency with granulomas and/or autoimmunity (CID-G/AI) [13, 14] , and other delayed-onset atypical presentations (Table 1) .
Here, we review clinical, molecular, and immunological features of 429 patients [8, 12, [15] [16] [17] [18] [19] [20] [21] with defined RAG mutations (RAG1, N = 303; RAG2, N = 126) that have been reported in the literature or are known to us, and whose phenotypic distribution according to criteria reported in Table 1 was as follows: SCID, N = 140; OS, N = 155; AS, N = 66; and CID-G/AI and other delayedonset forms of the disease, N = 68. We also discuss the mechanisms underlying phenotypical variability and the immune dysregulation of human RAG deficiency and review current and perspective therapeutic options.
T
− B − NK + SCID, Omenn Syndrome, and Atypical SCID: Clinical Features SCID includes a heterogeneous group of disorders that are characterized by the profound impairment in T and B cell development, and that are associated with life-threatening infections since early in infancy [22] . According to criteria elaborated by the Primary Immune Deficiency Treatment Consortium (PIDTC), SCID is defined by the absence or very low number of T cells (CD3+ T cells < 300/mL) and no or very low T cell function (< 10% of lower limit of normal) as measured by response to PHA, or by the demonstration of maternal T cell engraftment.
In 1996, RAG mutations were identified as the main cause of T − B − NK + SCID with normal cellular radiosensitivity [8] . In contrast, mutations in genes encoding various components of the NHEJ pathway cause T − B − NK + SCID with increased cellular radiosensitivity [23] .
OS denominates a different phenotype that was first described in 1965 [24] , and hypomorphic RAG mutations were identified as the leading cause of OS in 1998 [12] . Patients with OS present in the first weeks of life with generalized erythroderma, lymphadenopathy, hepatosplenomegaly, eosinophilia, and severe hypogammaglobulinemia but increased IgE levels. These patients typically have absent B cells and expanded, activated, and oligoclonal autologous T cells that infiltrate the skin, gut, liver, and other organs [10, 11] .
OS must be distinguished from BOmenn-like syndrome,^a condition in which transplacental passage of maternal T cells into a SCID fetus causes a graft-versus-host (GvH) reaction, with expansion of maternally derived T cells that infiltrate target organs. However, while maternal T cell engraftment is very common in SCID babies [25] , Omenn-like disease is rarely observed in these circumstances.
Although T − B − NK + SCID and OS represent two distinct phenotypes associated with severe RAG mutations, they may both occur in affected members from the same family [10] , suggesting different expressivity of the disease. Furthermore, evolution of SCID into OS has been reported following viral infections [26] or upon emergence of T cell clones carrying somatic reversion of RAG gene mutations [27, 28] .
Finally, according to PIDTC diagnostic criteria, Batypical SCID^(AS) refers to a condition presenting in infancy in which the count of circulating autologous T cells, albeit lower than normal, is higher than 300 cells/μL, and their function is reduced but not absent (Table 1) . Patients with AS may share some features of OS, including skin rash; however, they lack the severe lymphoproliferation that accounts for lymphadenopathy, and hepatosplenomegaly of OS [12] . A distinctive form of AS, associated with expansion of T cells expressing the γδ form of the TCR and the frequent occurrence of autoimmune cytopenias, has been reported in RAG-mutated infants following disseminated cytomegalovirus (CMV) infection [29, 30] . This condition is also characterized by a high risk for Epstein-Barr virus-driven lymphoproliferation [29, 30] .
From a clinical standpoint, patients with typical and atypical SCID or OS are highly susceptible to life-threatening viral, fungal, parasitic, and bacterial infections since early after birth. Chronic diarrhea with failure to thrive, Pneumocystis jiroveci pneumonia, respiratory or systemic infections due to cytomegalovirus, adenovirus, and parainfluenza virus type 3, and muco-cutaneous candidiasis are particularly common. In patients with OS in particular, loss of the skin and gut barrier is associated with a higher risk of bacterial infections. In RAGmutated patients presenting with SCID, OS, or AS, administration of live vaccines may cause serious complications, including severe diarrhea after rotavirus vaccine and disseminated infection after Bacillus Calmette-Guerin (BCG) inoculation.
Autoimmune manifestations are rare in RAG-deficient babies presenting with typical SCID. However, cytopenias, and autoimmune hemolytic anemia (AIHA) in particular, have been reported in more than half of the patients with AS (Table 2) . Vasculitis may also occur in patients presenting with AS and may lead to serious consequences such as digital necrosis [31] , whereas organ-specific autoimmunity is more rare and no or very low T cell function (< 10% of lower limit of normal) as measured by response to PHA or maternal T cell engraftement. Omenn syndrome (OS): generalized skin rash, absence of maternal engraftment detectable CD3+ T cells, ≥ 300/mL. Absent or low (≤ 30% of normal) T cell proliferation to antigens to which the patient had been exposed. Atypical SCID (AS): reduced number of CD3+ T cells for age; up to 2 years < 1000/mL, for > 2 up to 4 years < 800/mL, for > 4 years < 600/mL. Absence of maternal engraftment and < 30% of lower limit of normal T cell function (as measured by response to PHA). CID-G/AI: delayed age of onset with CD3+ T cell numbers that follow atypical SCID criteria and/or the presence of AI phenomena other that isolated cytopenia.
( Table 2 ). Because of the severity of the disease, RAG mutations presenting with SCID, OS, or AS lead inevitably to early death, unless patients receive hematopoietic stem cell transplantation (HSCT) [23, 32] .
With the availability of newborn screening, it has become possible to establish more precisely how frequently RAG mutations cause SCID, OS, or AS. In particular, in the USA, where SCID and related disorders have a frequency of 1 in 58,000 live births [33] , RAG deficiency accounts for only 11.5% of cases of typical SCID, but as many as 41.8% of all cases of OS and AS [34] . A much higher frequency of RAG deficiencies has been reported in countries with increased rate of parental consanguinity [35] .
RAG Deficiency Manifesting as Combined Immunodeficiency with Granuloma and/or Autoimmunity (CID-G/AI) or Other Delayed-Onset Phenotypes
In 2008, Schuetz et al. reported on three unrelated girls presenting with excessive granuloma formation in the skin, mucous membranes, and internal organs, and who suffered from severe viral infections and B cell lymphoma. Despite low numbers of T and B cells, surprisingly, they had a diverse TCR repertoire and were able to respond to vaccinations [13] . Since then, several other RAG-mutated patients have been reported with clinical onset later in childhood or even in adulthood, and mainly characterized by autoimmunity (including vasculitis, nephritis, cytopenias, vitiligo, psoriasis, myasthenia gravis, and Guillain-Barré syndrome) and/or inflammatory manifestations, such as granulomatous lesions that may affect various organs [14, 31, [36] [37] [38] [39] [40] [41] , and sterile chronic multifocal osteomyelitis (CRMO) [42] . Because of these characteristics, this condition has been also referred to as Bcombined immunodeficiency with granuloma and/or autoimmunity^(CID-G/AI) [37] . In a series of 68 patients with CID-G/AI reviewed here, autoimmune cytopenias, variably affecting various lineages, were seen in 53% of the patients (Table 2 ). However, manifestations of organ-specific autoimmunity were also common. Granulomatous lesions were noticed in 24-68 patients (35.3%). The skin and lungs were more frequently involved; however, granulomas can affect various tissues, and often more than one in the same patient ( Fig. 1) .
Life-threatening infections early in childhood are infrequent in patients with CID-G/AI. However, they frequently have a history of recurrent sinopulmonary infections, often leading to bronchiectasis. In addition, severe herpesviridae infections (especially VZV, CMV, and EBV), molluscum, and warts due to human papillomavirus infection (HPV) are also common.
Furthermore, biallelic RAG mutations have been identified in patients with other delayed-onset and atypical presentations, including idiopathic CD4 + T cell lymphopenia [43] , common variable immunodeficiency [41, 44] , IgA deficiency [45, 46] , selective deficiency of polysaccharide-specific antibody responses [46] , and hyper-IgM syndrome [47] . In this group of patients, the clinical phenotype is dominated by recurrent sinopulmonary infections.
Overall, these observations have substantially broadened the clinical and immunological spectrum of human RAG deficiency and have identified immune dysregulation as a prominent manifestation of impaired RAG function. Besides delayed clinical onset, CID-G/AI and other atypical presentations of RAG deficiency are often characterized by significant diagnostic delay, which may also lead to organ damage and overall poor prognosis.
Immunological Spectrum of RAG Deficiency
Circulating T cells are absent or very low in patients with RAG deficiency manifesting as typical SCID (Fig. 2 ). An exception is represented by infants with maternal T cell engraftment, in whom the absolute T cell count can be variable. However, in these infants, the majority of circulating T cells have an activated (CD45R0 + ) phenotype, which contrasts with the large excess of naïve (CD45RA + ) T cells in peripheral blood from healthy infants.
Patients with OS have a variable, often increased number of peripheral blood autologous T cells (Fig. 2) . However, these T cells are oligoclonal, have an activated phenotype, and infiltrate target organs. Interestingly, within the same patient with OS, the T cells that infiltrate distinct organs carry distinct TCR specificities, suggesting tissue-specific, self-antigendriven expansion of T cell populations [48] . It is commonly thought that the presence of elevated levels of eosinophils and IgE in these patients is due to skewing of CD4 + T cells to a T helper 2 (Th2) cell phenotype, as indicated by production of higher amounts of IL-4, IL-5, and IL-13 by freshly isolated peripheral blood mononuclear cells and in vitro expanded T cell clones derived from patients with OS [49] [50] [51] [52] . However, the mechanisms underlying this skewing remain to be elucidated.
Finally, circulating T cells are present, albeit in reduced number, in patients with AS and in those with CID-G/AI or other delayed forms of disease; however, also in these patients, the proportion of naïve T cells is reduced (Fig. 2) .
In vitro T cell proliferation to mitogens is absent in patients with SCID, but is more variable in those with OS and AS, and often normal or only modestly reduced in patients with delayed-onset disease.
Circulating B cells are typically absent in RAG-deficient patients presenting with SCID or OS, whereas they are detected in variable number in those with AS and CID-G/AI (Fig.  2) . Consistent with the lack of B cells, serums IgA and IgM are very low to undetectable in patients with SCID and OS (Fig. 3 ). When present, serum IgG in these infants reflect transplacental passage; however, levels of maternally derived IgG are typically very low to undetectable in patients with OS, due to loss through the skin and gut. By contrast, IgG, IgA, and IgM serum levels are often detected at normal levels in patients with AS and CID-G/AI. Serum IgE are typically elevated in patients with OS and often also in those with AS (Fig.  3) . Specific antibody production is absent in patients with SCID and OS and is most often compromised also in patients Natural killer (NK) cells are presented in normal or increased numbers in patients with RAG mutations, irrespective of their clinical phenotype (Fig. 2) ; however, they include a higher than normal proportion of immature (CD56 bright ) cells and yet display increased perforin content and enhanced degranulation activity [53] . A similar increased cytotoxic potential has been observed also in NK lymphocytes from Rag −/− [54] , which however-in contrast to what observed in RAGmutated patients-display a mature and activated phenotype [54] . Enhanced NK cell-mediated cytotoxicity may contribute to the high rate of graft rejection that has been observed especially after unconditioned haploidentical HSCT in patients with RAG-deficient SCID [55] .
Molecular Mechanisms Underlying Phenotypical Variability
Recent knowledge on the molecular structure of the RAG complex [56] , development of in vitro assays to evaluate recombination activity of mutant RAG proteins [57, 58] , and high throughput sequencing (HTS) of T and B cell repertoire in patients with RAG gene defects [59] have led to improved understanding of the phenotypic variability of the disease.
The nature (nonsense, frameshift, splice site, or missense) of the mutation and its location along the protein may provide important information to predict severity of the clinical phenotype, although variability has been observed even within the same family [47, 60] . More than 200 pathogenic mutations of RAG1 and 2 genes have been documented, with almost 70% of them being missense. Around 80% of the mutations described in the literature fall in RAG1 and RAG2 core domains, affecting catalytic activity [1] . RAG noncore domains are not strictly necessary for the recombinase activity, but mutations in those areas may still cause disease by affecting protein subcellular localization or decreasing chromatin accessibility of the RAG complex [61] [62] [63] . Missense mutations associated with CID-G/AI are often located in the coding flank-sensitive region of RAG1 [57, 64] . In vitro and animal studies suggest that these mutations may affect quality of the recombination process by favoring targeting of certain V, D, and J genes [65, 66] .
Using in vitro recombination assays [57, 58] , correlation has been observed between mean level of recombination activity of the mutant RAG proteins and the clinical phenotype (Fig. 4) . However, this correlation is not absolute, as other genetic and environmental factors may modulate the clinical and immunologic phenotype.
Analysis of T and B cell repertoire diversity and composition has also provided important information. CDR3 spectratyping permits to analyze the length of CDR3 products for each TCR and immunoglobulin gene family. This technique can document oligoclonal T cell expansions in patients with OS and AS, but is less informative in those with CID-G/ AI [11, 29, 48] . More recently, HTS has been used to study in detail T and B cell repertoire diversity and composition [60, 65] . Restriction of TCRβ repertoire diversity, skewed usage of V, D, and J segment genes, and abnormalities of CDR3 length are more prominent in patients with a more severe phenotype Fig. 3 Immunoglobulin serum levels in patients with RAG gene defects presenting as combined immune deficiency with granulomas and/or autoimmunity (CID-G/AI, n = 44), atypical SCID (AS, n = 49), Omenn syndrome (OS, n = 32), and severe combined immune deficiency (SCID, n = 82). Shown are mean values ± SEM [59] . Within the group of patients with CID-G/AI, restriction of TCRβ repertoire diversity is especially prominent in Treg cells [67] , which may have implications for the autoimmunity of this condition. Furthermore, abnormalities of TCRα repertoire have also been described in patients with hypomorphic RAG mutations and other leaky defects of V(D)J recombination, and include decreased usage of TCR-Vα7.2 gene (which can be detected by flow cytometry), and abnormal usage of TRAV and TRAJ genes, with predominant usage of more proximal elements [68] . In general, RAG mutations supporting lower levels of recombination activities lead to the generation of a more restricted TCR and BCR repertoire and are associated with a severe and early-onset clinical phenotype, while higher levels of protein function may lead to a broader repertoire, albeit with qualitative differences of individual gene usage and enrichment in self-reactive clones [59] .
Pathophysiology of Immune Dysregulation
The pathophysiology of immune dysregulation observed in patients with CID-G/AI and AS is only partially understood. Consistent with the broad range of autoimmune phenomena of CID-G/AI, a wide spectrum of serum autoantibodies have been reported in these patients [37] . These also include anti-cytokine antibodies; in particular, neutralizing antibodies against interferon-α and interferon-ω have been detected in patients with a history of severe viral infections, especially varicella [37] . In a single case, anticytokine antibodies were demonstrated only after prolonged varicella, suggesting that the production of neutralizing anti-cytokine autoantibodies may be a manifestation of immune dysregulation driven by severe viral infections rather than a factor predisposing to them [69] .
While granulomas identified in RAG-deficient patients often have no identifiable infectious or systemic cause [70] , it has been shown that rubella virus vaccine strain can establish chronic infection in M2 macrophages and keratinocytes within granulomas of patients with various T cell defects, including RAG deficiency [71] , suggesting a role for chronic viral infection and immune disfunction in granuloma formation.
The notion that environmental factors may act as disease modifiers and contribute to immune dysregulation in RAGmutated hosts is also supported by observations in animal models. In particular, Rigoni et al. have shown that the microbiota is a crucial driver of autoimmunity in a mouse model of OS [72] . In these mice, lack of B cells in the mucosa affects microbiota composition and leads to trans-epithelial bacterial translocation. Furthermore, impaired T cell tolerance to the gut flora and expansion of T effector cells contribute to gut inflammation. Administration of antibiotics is able to reverse the inflammation and is also associated with a decrease of serum IgE levels, a hallmark of immune dysregulation of OS [72] .
Abnormalities of central and peripheral T and B cell tolerance play a major role in causing immune dysregulation in patients with hypomorphic RAG mutations. In the thymus, sustained generation of single positive CD4 + thymocytes expressing CD40 ligand and RANK ligand is required to provide instructive signals to medullary thymic epithelial cells (mTEC) expressing the cognate receptors CD40 and RANK [73] . In response to these signals, mTECs mature and express the autoimmune regulator (AIRE), a transcriptional regulator that allows for the expression of tissue-restricted antigens (TRAs). Presentation of TRAs in the context of MHC molecules on the surface of mTECs and of dendritic cells allows negative selection of self-reactive T cells and generation of Treg lymphocytes [74, 75] . In both patients and animal models with RAG mutations, altered thymopoiesis is associated with abnormalities of thymic architecture, impaired maturation of mTECs, defective expression of AIRE, reduced generation of Treg cells [66, [76] [77] [78] , and enrichment of CD4 + conventional T cells with molecular signatures of selfreactivity in their TCR repertoire [67] .
B cell tolerance is also impaired in RAG deficiency as supported by the presence of a wide spectrum of autoantibodies both in patients [37] and in animal models [79, 80] . Re-expression of RAG proteins allows receptor editing in bone marrow immature B cells, whereby secondary rearrangements in the IGK and IGL loci reduce the frequency of selfreactive cells [81] . Reduced usage of downstream IGK J genes and decreased frequency of peripheral Igλ + B cells, two biomarkers of receptor editing, have been documented in patients and mice with hypomorphic RAG mutations [60, 66] .
Peripheral B cell tolerance is also affected in patients with RAG deficiency. B cell activating factor (BAFF) is a cytokine that plays an important role in B cell survival. Anergic selfreactive B cells express lower amounts of BAFF receptor Fig. 4 Recombination activity of mutant RAG proteins in patients with combined immune deficiency with granulomas and/or autoimmunity (CID-G/AI; n = 44), atypical SCID (AS, n = 44), Omenn syndrome (OS, n = 103), and severe combined immune deficiency (SCID, n = 68). Shown are mean values (as percentage of wild-type RAG protein) with 95% confidence interval (CI). In each patient, recombination activity was expressed as mean in vitro activity level of the two mutant alleles (BAFF-R) than mature naïve B cells [82] . In steady-state conditions, this results in depletion of self-reactive specificities from the pool of mature naïve B cells. However, peripheral B cell lymphopenia in RAG-mutated patients and mice is associated with higher levels of BAFF, thereby allowing survival of immature self-reactive B cells [79, 80] . Administration of anti-BAFF-R antibody was able to rescue some of the immune dysregulation in a mouse model of OS, further suggesting an important role of BAFF in sustaining B cell-driven autoimmunity in patients with hypomorphic RAG defects [79] .
Therapy for RAG Deficiencies
In patients with typical and atypical SCID and OS, supportive measures such as antibiotic prophylaxis, regular immunoglobulin substitution therapy, nutritional support, and contact barrier may delay, but not prevent the invariably fatal outcome. Curative treatment is possible with HSCT. The best results are obtained with transplantation from a matched sibling donor. When this is not available, HSCT from other matched or haploidentical family donors and from unrelated donors should be considered. Because SCID patients lack T cells and therefore do not have the ability to reject allogeneic stem cells, HSCT without chemotherapy-based conditioning regimen should be able to restore a T cell system into adulthood. By contrast, use of conditioning regimen (CR), including serotherapy, is required for patients with OS. Controversial results of overall survival after HSCT for severe RAG deficiency have been reported in the literature [55, 83] . However, there is consensus that the best results are obtained when the transplant is performed early in life (at < 3.5 months of age) in the absence of infections [32, 83] . In a comprehensive multicenter study across 33 pediatric North American centers, Haddad et al. compared the outcome between classical SCID patients and atypical forms including Omenn syndrome: interestingly, no difference was found for survival, need of second procedure, GvHD, or immune reconstitution [83] .
Importantly, in the absence of conditioning, HSCT for severe RAG deficiency is associated with a particularly high rate (up to 25%) of graft failure [55, 83] . This likely reflects the notion that the bone marrow and thymus niches are not empty in these patients, but rather are occupied by RAG-mutated progenitor cells that compete with donor-derived cells. NK cells may also play a role in inducing graft rejection. In the absence of true and durable stem cell engraftment, immune reconstitution after non-conditioned HSCT is provided by common lymphoid progenitor cells. However, because of the limited self-renewing capacity of donor-derived thymocytes, late exhaustion of thymopoiesis may ensue years after non-conditioned HSCT. Such a decline of T cell number and function and persistently impaired B cell function have been frequently reported (especially after non-conditioned HSCT from haploidentical donors) and are a major risk factor for increased susceptibility to infections and autoimmunity [55, 83, 84] . Use of chemotherapy can promote donor stem cell engraftment and allow more robust and durable immune reconstitution. However, use of preparative conditioning has to be weighed against the toxicities of chemotherapy, especially if myeloablative regimens are used. A current trial in North America is aimed at exploring the minimal dose of busulfan required to achieve sufficient and stable stem cell engraftment and immune reconstitution in babies identified with RAG deficiency at birth. Another trial (ClinicalTrials.gov NCT02963064) is exploring the safety and efficacy of conditioning with anti-CD117 (anti-c-kit) monoclonal antibody in patients with SCID, with the aim of depleting recipient stem cells and thereby favoring engraftment of donor-derived hematopoietic stem cells. Whether this approach alone is sufficient in patients with RAG mutations, and especially in those with hypomorphic mutations that allow partial T and B cell development, remains to be seen.
Whereas patients with typical and atypical SCID and OS due to RAG defects need to be treated with HSCT, the situation is more complex in older individuals with CID-G/AI or other delayed-onset and atypical forms of the disease. Immunosuppressive or immunomodulatory drugs are often needed to control autoimmune problems, but they may also increase susceptibility to chronic and opportunistic infections. Limited information is available on the outcome of HSCT for these patients [13, 14, 37, 40, 41, 55, 69, 70, [85] [86] [87] . Twenty-six patients were transplanted at the average age of 5.2 years (range 1.5-19 years). Donor type was reported for 11 patients, 9 of which received HSCT from a matched unrelated donor. In most cases, myeloablative CR was used. Eighteen patients (69.2%) were reported to be alive at a median follow-up of 9 months. Causes of death were known for 6 patients and included infections (n = 3), chronic GvHD (n = 1), idiopathic pulmonary syndrome ( n = 1), and graft failure (n = 1) [31, 44, 88] . Unfortunately, patients with CID-G/AI are often diagnosed too late, when organ damage or malignancies have already developed. Overall, management of RAGdeficient patients with immune dysregulation and chronic infections remains a challenge.
Finally, several groups are working at the development of gene therapy for RAG deficiency. Controversial results have been recently obtained after lentivirus-mediated gene therapy in Rag1
−/− mice, with one group documenting insufficient reconstitution and conversion of SCID into an OS phenotype [89] , whereas another group has reported more successful, albeit incomplete immune reconstitution [90] . More promising results have been achieved after gene therapy in a mouse model of RAG2 deficiency [91] [92] [93] . However, the amount of chemotherapy required to enable stable and durable engraftment, especially in hosts carrying hypomorphic mutations, remains to be determined.
Conclusions
The clinical and immunological heterogeneity of RAG deficiency in humans may represent an important diagnostic challenge, especially in patients with atypical forms of the disease. Correlation has been observed between in vitro recombination activity of the mutant RAG proteins and the clinical phenotype; however, stochastic and environmental factors may also modify severity of the disease phenotype. Altered T and B cell development in patients with RAG gene defects is associated with impairment of immunological tolerance. Ultimately, the degree in the severity of T and B cell lymphopenia, breakage of immune tolerance, and exposure to environmental triggers are the main factors that shape the clinical phenotype. While hematopoietic stem cell transplantation represents the mainstay of treatment for the most severe forms of the disease, there is need to develop novel strategies to improve stem cell engraftment and permit durable and robust immune reconstitution, while minimizing the risk of transplant-related toxicity. Such strategies may include in the future also gene therapy. Optimal therapeutic modalities for patients with CID-G/AI remain yet to be defined.
